Interactions between charged macromolecules (e.g., proteins, nucleic acids, polyelectrolytes) and charged surfaces govern many natural and industrial processes. We investigate here the influence of an applied electric potential on the adsorption of charged polymers, and report the following significant result: the adsorption of certain amine side chain-containing polycations may become continuous, i.e., asymptotically linear (or nearly linear) in time over hours, upon the application of a modest anodic potential. Employing optical waveguide lightmode spectroscopy (OWLS) and an indium tin oxide (ITO) substrate, we show that asymptotic kinetics, and the adsorbed mass at the onset of the asymptotic regime, depend sensitively on polymer chemistry (in particular, side chain volume and charge location), increase with applied potential and ionic strength (conditions favoring a thicker initial layer), and are independent of bulk polymer concentration (suggesting postadsorption events to be rate limiting). X-ray photoelectron spectra reveal a suppressed polymer charge within layers formed via continuous adsorption, but no evidence of electrochemical reactions. We propose a mechanism based on polymer-polymer binding within the adsorbed layer, enabled by suppressed electrostatic repulsion and/or enhanced ionic correlations near the conducting surface, and stabilized by short-range attractive interactions. Continuous adsorption under an applied electric potential offers the possibility of nanoscale films of tailored polymer content realized in a single step.
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optical waveguide lightmode spectroscopy ͉ poly(L-lysine) ͉ protein adsorption ͉ indium tin oxide I nteractions between charged macromolecules and charged surfaces are ubiquitous in nature (e.g., protein-cell membrane) and are often exploited in technological applications. For example, weakly charged colloidal systems such as paints, inks, and waste water may be stabilized through an adsorbed layer of charged polymer (polyelectrolyte) (1, 2) , and polyelectrolyte films containing functional entities (e.g., biomolecules, nanoparticles) may serve as sensors, separation membranes, and electrochemical components (3, 4) . Adsorption is usually spontaneous, with electrostatic interactions naturally playing a key role. These interactions, and therefore the adsorption process itself, may be controlled through solution variables such as salt concentration and pH (5) (6) (7) (8) (9) (10) (11) (12) . However, there generally exists an upper limit to the extent of polyelectrolyte adsorption. The typical situation is for adsorption to be quite rapid (usually at a transport limited rate) and then to saturate, corresponding to the point where interfacial charge accumulation suppresses additional (net) adsorption (1) . A clever way to avoid this limit is through the layer-by-layer (LbL) method, where a substrate is alternately exposed to solutions of oppositely charged polyelectrolytes (3, 13) . Each exposure results in an increase in adsorbed mass and an overall interfacial charge reversal. The LbL method allows one to control the polymer content of, and to readily incorporate functional entities within or onto, an adsorbed layer, but requires many steps and at least two adsorbing components.
When the substrate is a conducting material, its electric potential becomes an important governing variable. In this work, we investigate the influence of substrate potential on the adsorption kinetics of several polyelectrolyte species and find the following significant result: for certain amine side chain-containing polycations adsorbing onto indium tin oxide (ITO) under anodic potentials, adsorption fails to saturate and instead becomes continuous, that is, asymptotically linear (or very nearly linear) with time on a scale of hours.
Continuous adsorption under an applied electric potential raises fundamental questions while offering exciting technological possibilities. In principal, films of controlled polymer content could be realized via assembly under an applied potential, with desirable features being (i) formation occurring in a single step and (ii) the possibility of single-component films. We explore here the influence of polymer chemistry and solution conditions on continuous adsorption under an applied potential and propose a mechanism, of polymer-polymer binding and concomitant charge regulation, due to suppressed electrostatic repulsion and/or enhanced ionic correlations at the conducting interface, to explain adsorption without apparent saturation.
Results
In Fig. 1 , we show optical waveguide lightmode spectroscopy (OWLS) measurements of poly(L-lysine) (PLL) adsorption onto an ITO substrate at various electric potential values, under pH 7.4 and [NaCl] 0.1 M. PLL is a poly(amino acid) with weakly basic amine groups terminating its side chains (conjugate acid pK a 10.5). Under open circuit potential (OCP ϭ 0.2 V under these conditions, relative to the standard hydrogen electrode), saturation occurs quite rapidly, within a few minutes. For intermediate substrate electric potentials, we observe a rapid initial adsorption up to approximately the OCP saturation level, followed by a regime of continuous adsorption, taken here to mean adsorption that is asymptotically linear (or nearly linear) with time on a scale of hours. At a higher potential, we observe the rapid initial adsorption to persist for a longer time period before a continuous regime is reached. We observe continuous adsorption to occur up to at least 6 h (see Fig.  1 Inset) without evidence of impending saturation. (Weak optical signals prevent OWLS measurements over longer times.) We observe the slope of the continuous regime to increase slightly with applied potential (Table 1) , and find desorption to be very slow or negligible upon replacing the polymer solution with pure buffer. To summarize, we observe PLL adsorption for a substrate potential exceeding a threshold value to be initially very rapid and subsequently to become continuous.
In Fig. 2 , we show contact mode atomic force microscopy (AFM) images (in liquid) of the bare ITO substrate and of PLL layers formed under OCP (30 min adsorption) and under an applied potential of 1.5 V (120 min adsorption), for the solution conditions of Fig. 1 . The ITO substrate reveals a characteristic surface topography with a root mean square roughness of Ϸ3 nm (as measured away from the grating of the OWLS sensor chip). Adsorption of PLL results in an increase of feature height both at OCP and under 1.5 V. These increases are similar in magnitude, and owing to the large difference in adsorbed mass, suggest the film formed under voltage to be denser, i.e., of greater mass per unit thickness. Feature morphology of the PLL layer formed under OCP appears qualitatively similar to that of the bare substrate, suggesting the polymer layer may be fairly uniform. (Previous AFM images on a smoother silica substrate showed a very uniform PLL layer; ref.
14.) The PLL layer formed under 1.5 V displays features that are smaller, more segregated, and thus better defined. Feature dimensions (Ϸ50-70 nm) are somewhat larger than those expected from individual molecules. [Based on previous bulk (zero concentration limit) diffusivity measurements of PLL (15) , employing the StokesEinstein relation to relate diffusivity to hydrodynamic diameter, and assuming a N 0.6 scaling of polymer diameter with number of segments, we estimate the hydrodynamic diameter range in our PLL sample to be 15-23 nm.] Therefore, we speculate that these features correspond to small PLL aggregates, possibly formed by polymer-polymer binding (as discussed in Discussion). Alternatively, individual PLL molecules could be responsible for the observed features if a combination of AFM tip effects and surfaceinduced flattening resulted in a larger-than-expected apparent size.
X-ray photoelectron spectroscopy analysis of PLL films formed under an applied potential of 1.5 V shows no evidence of polymer oxidation products, such as ONHOOH and ONAO. However, the fraction of side chain terminating amine groups that are protonated is 32 Ϯ 5% at 1.5 V and 60 Ϯ 3% at OCP (Table 2) , implying a degree of charge suppression associated with continuous adsorption. Water contact angle measurements [supporting information (SI) Table 3 ] show PLL layers formed under an applied potential to be more hydrophobic than those formed under OCP, consistent with the lower degree of polymer charge.
In Fig. 3 , we show OWLS measurements of the adsorption of several species (described in Methods) at a substrate potential of 1.5 V. All of the cationic polymers with side chains containing amine groups exhibit continuous adsorption (as do certain proteins abundant in basic amino acids, e.g., cytochrome c). However, the asymptotic kinetics, and the adsorbed mass at the onset of the continuous regime, differ among the species (Table 1) . We note in particular the increased asymptotic adsorption rate of PLL and poly(L-ornithine) (PLO) compared with poly(L-arginine) (PLA) and poly(L-histidine) (PLH); we discuss this difference in terms of side-chain geometry in Discussion. We observe (linear) poly (ethylene imine) (PEI) to rapidly reach an adsorption plateau, possibly due to its very high charge density or its charge location (main chain rather than side chain). Finally, we do not observe continuous adsorption for any polyanionic polymers. As an example, we show poly(L-glutamic acid) (PGA) adsorption to rapidly saturate.
We estimate the apparent adsorption rate constant (kЈ a , a measure of polymer-surface attraction at zero coverage) by linearly extrapolating the initial surface-limited kinetic regime appearing in adsorption rate versus adsorbed mass curves (not shown), as described previously (16) . We find kЈ a values to rank according to polymer charge (according to pK a values), as shown in Table 1 .
In Fig. 4 , we show OWLS measurements of PLL adsorption at several bulk polymer concentrations for a substrate potential of 1.5 V. We observe the asymptotic kinetics to be essentially independent of concentration, except at very low concentration. Polyelectrolyte adsorption is normally first order in bulk concentration; zerothorder behavior indicates events occurring within the polymer layer to limit the rate of continuous adsorption, as discussed further in Discussion.
In Fig. 5 , we show OWLS measurements of PLL adsorption at various pH values, for a substrate potential of 1.5 V. We find increasing pH from 7.4, and thus decreasing the polymer charge, to result in a small but systematic decrease in the asymptotic rate (Table 1) . Under acidic pH, where the polymer is strongly charged, we observe an earlier onset of continuous adsorption. The asymptotic rate is lower than that observed under neutral pH. In fact, lowering the pH seems to have a similar effect as lowering the substrate potential (see Fig. 1 ). Below pH 4, we observe no adsorption. We suspect a pH threshold to exist below which the ITO surface charge density becomes sufficiently positive to prevent any measurable adsorption. (Previous studies have shown ITO charge to be pH dependent, with isoelectric point between 4 and 6; refs. 17 and 18.) Also in Fig. 5 , we analyze the stability of the polyelectrolyte layer to removal of the applied potential difference. We find switching to OCP for a period of 50 min, and then reapplying the potential, to result in a small loss of adsorbed layer mass at pH 7.4, but a nearly complete loss of mass at pH 4.0. (Because instrument calibration changes with applied potential, the adsorbed mass is not shown during the OCP portion of the experiment.) We conclude the PLL layer to be at least somewhat unstable to removal of the applied electric potential. (We note that adsorbed layer stability may be greatly enhanced through a postformation chemical cross-linking procedure; data not shown.)
In Fig. 6 , we show OWLS measurements of PLL adsorption at various NaCl concentrations, for a substrate potential of 1.5 V. Generally, we observe an increased asymptotic rate with [NaCl] ( Table 1) . Nonetheless, increased salt probably leads to thicker initial adsorbed layers, as observed in many other systems (5, 11, 12) . Our results show thicker initial layers to be correlated with increased rate and onset mass of continuous adsorption.
Next, we consider the adsorption of PGA, a polyanion, onto PLL layers formed via continuous adsorption. Because PGA adsorbs only weakly to ITO (see Fig. 3 ) and PLL covers the surface quite efficiently (see Fig. 2 ), we may reasonably attribute most of the PGA adsorption to electrostatic complexation with adsorbed PLL. In this sense, polyanion adsorption serves as a convenient in situ probe of the charge of the adsorbed polycation layer. In these experiments, we first allow a PLL layer to form under an applied potential for two hours, then introduce pure buffer (i.e., rinse) for a variable time, and finally introduce a PGA solution. In Fig. 7 , we show the rate of PGA adsorption versus the mass of adsorbed PGA, for different rinse times. In all cases, we observe a (nearly identical) initial increase in adsorption rate, corresponding to transportlimited adsorption. Subsequently, the adsorption rate decreases with adsorbed amount, due to repulsion between adsorbed and bulk PGA. The attraction between PGA and the adsorbed PLL layer may be gauged by the apparent adsorption rate constant, estimated by extrapolating the surface-limited portion of the rate curve to zero coverage. We find that the adsorption rate constant, and the overall extent of PGA adsorption, decreases with rinse time, and conclude that adsorbed layer charge decreases with time in the absence of polymer in the bulk solution. At high applied potential, we observe slow but measurable desorption to occur when the polymer solution is replaced with pure buffer. (Desorption is barely visible in the top curve of Fig. 1 , owing to the short time scale shown.) We find that desorption after film formation at 1.5 V is slow but essentially complete (see SI Fig. 8) . Desorption experiments beginning after 5 and 10 min of adsorption, i.e., before the continuous regime, exhibit characteristic time constants of 220 and 240 min, respectively (based on exponential fits). After 90 min of adsorption, i.e., within the continuous regime, the time constant is initially 160 min and decreases to 140 min when the potential is increased, at 1 h of desorption, to 1.7 V. Previous studies have shown similar desorption of LbL films (19, 20) .
Discussion
We investigate here the kinetics of polyelectrolyte adsorption under an applied electric potential. Initial adsorption is likely governed by electrostatics as well as other interactions (van der Waals, hydrogen bonding, solvation effects), as is typically the case (5-12). Of particular note here is the unusual asymptotic kinetics of certain amine side chain-containing cationic polymers, which may become continuous in the sense of being linear (or nearly linear) in time over the course of hours. We observe continuous adsorption to be nearly independent of bulk polymer concentration, to increase somewhat with applied electric potential and solution ionic strength, to vary nonmonotonically with solution pH, and to depend sensitively on polymer chemistry. Two continuous adsorption signature behaviors are evident: one whose onset is quite rapid (within the first few minutes) and whose asymptotic kinetics are strictly linear over a time scale of hours, and another whose onset is slower (after Ϸ1 h) and whose asymptotic kinetics become linear or nearly linear. The former (latter) is favored at low (high) pH, ionic strength, and applied potential, i.e., conditions where the polymer-surface interaction is strong (weak) and/or the polymer conformation is extended (compact) in solution. At higher potentials, essentially complete (but very slow) desorption may occur during a buffer rinse. No electrochemical reactions are evident, but adsorbed polymers are less protonated and exhibit a higher water contact angle under cases of continuous adsorption.
We find adsorption kinetics in the continuous regime to be zeroth order in bulk concentration, suggesting that changes within the adsorbed polymer layer are rate limiting. To confirm the negligible influence of bulk polymer on the evolving character of the adsorbed layer, we show in Fig. 2 [for poly(allylamine hydrochloride) (PAH)] that the replacement of the adsorbing solution with a pure buffer, and subsequent re-introduction of the polymer solution, results in rapid adsorption up to the level expected from an uninterrupted experiment, followed by resumption of continuous adsorption at the original slope. If the polymer layer remained static in the absence of bulk polymer, the slope immediately following the reintroduction would be identical to the asymptotic slope. The question then becomes whether the rate-limiting changes in adsorbed layer character involve a change in charge, or whether they are purely structural. We observe that the initial rate and overall extent of polyanion (PGA) adsorption onto a polycation (PLL) layer decreases with rinse time, i.e., the time separating polycation and polyanion exposures (Fig. 7) . Because PGA adsorption should be mainly driven by electrostatic complexation with adsorbed PLL, these observations suggest that the charge of the adsorbed layer decreases with time, in the presence of an applied potential but in the absence of polycation adsorption.
What is the nature of the rate-limiting events occurring within the adsorbed polymer layer? We propose that the slow binding of polymer segments to one another is the key feature of continuous adsorption. Such binding could be stabilized thermodynamically via short-range interactions, e.g., van der Waals or hydrogen bonding. (Indeed, the importance of short-range interactions to polyelectrolyte adsorption has recently been stressed; refs. 21 and 22.) In the bulk, or at a standard interface between dielectric media, polymerpolymer binding is prevented by the presence of like charges along the polymer chain. However, near a surface held at constant potential, electrostatic repulsion is suppressed somewhat due to charge rearrangement within the adsorbing substrate. To illustrate this effect, consider the electrostatic interaction between two like charges (q), located within a medium of dielectric constant , separated by a distance r, and both lying a distance d above a planar conducting surface held at constant electric potential (23)
This interaction is weaker than the standard Coulomb interaction, due to the second term on the right, and actually vanishes for d ϭ 0. Another factor possibly contributing to suppressed ionic repulsion near the surface is enhanced correlations among smaller ionic species. Strong correlations among charged systems are thought to be at the heart of interesting phenomena such as charge inversion and like-charge attraction (24) , and the confined nature of the interfacial region may serve to enhance ion-ion correlations, as suggested by recently observed net attraction between like-charged particles (25, 26) and DNA strands (27) . Continuous adsorption occurs only in the presence of a conducting substrate; if ionic correlations are a primary factor, then some coupling likely exists with the electronic correlations of the conducting substrate. Although segment-segment repulsion may be suppressed at the interface, polymer-polymer binding is still expected to be slow, because polymer conformational rearrangements within the dense adsorbed layer are needed to bring segments into close contact.
Polymer-polymer binding would naturally serve to destabilize the protonated state. An accompanying loss of layer charge (i.e., a charge regulation) would be expected (28), thus making the interface more attractive to additional adsorption. If the rate of polymer binding were proportional to the local concentration of ''free'' polymer segments (i.e., those in adsorbed chains but not bound to other segments via short-range interactions), and the local concentration were roughly constant (as occurs in the flat portion of an adsorption isotherm), then linear adsorption kinetics, independent of bulk concentration over a wide range, would result. Our observed suppression of adsorbed layer charge (Table 2 and Fig. 7) , increased adsorbed layer mass per unit thickness (Figs. 1 and 2) , and formation of structural features different from those of the underlying substrate (Fig. 2) , under conditions of continuous adsorption are consistent with polymer-polymer binding and concomitant charge regulation.
Within this picture, the substrate potential (or, equivalently, the charge density of the bare surface) is extremely important. If too low, the polycation segments would adhere very strongly to the surface, and conformational rearrangements necessary for polymer-polymer binding would be suppressed. If too high, the surface charge would be too positive and adsorption would be electrostatically suppressed. Our ITO adsorbing surface is negatively charged, under OCP, for pH greater than Ϸ4, due to the presence of deprotonated acid sites (17, 18) . Application of an anodic potential, within the range considered here, renders the ITO substrate less negatively charged.
We may use Eq. 1 to estimate the distance from the surface where polymer-polymer binding takes place. Assuming a minimum segment-segment separation of 0.4 nm to be required to form a short-range attractive interaction, and the electrostatic repulsive energy at this separation to be equal to the thermal energy kT (if it were much greater, then binding would be suppressed), then binding would be confined to a region within Ϸ0.4 nm of the surface (a distance smaller than the approximate polymer width of 1.2 nm; ref. 15) . However, it appears that the thickness of ''bound'' polymer segments within the adsorbed layer, i.e., those engaged in shortrange attractive interactions with other segments, exceeds this estimate. For example, the mass added during the continuous regime of our longest run (see Fig. 1 Inset) is Ϸ1 g/cm 2 . If all of this mass resided in a uniform layer of density of 1 g/cm 3 , then its thickness would be Ϸ10 nm. (The overall layer thickness would be greater, owing to the presence of less compact ''unbound'' segments within the adsorbed layer.) This brings forth two possibilities: (i) enhanced correlations among counterions in the interfacial region allow for polymer-polymer binding at a distance exceeded that predicted from Eq. 1, or (ii) the adsorbed layer is not uniform, and polymer-polymer binding occurs principally in more sparsely covered regions. In the latter case, one could imagine islands of bound polymer being thermodynamically favored over a uniform layer owing to polymer-polymer attraction exceeding polymer-surface attraction. Island formation is consistent with (but, owing to limited resolution, not proven by) our atomic force microscopy (AFM) images. We observe continuous adsorption to be essentially reversible at higher potential (see SI Fig. 8 ). However, it is not clear whether detachment of individual molecules or aggregates is occurring.
What are the limits of continuous adsorption? We make an estimate by considering the long-range attractive interaction between a conducting substrate and a bulk polyelectrolyte molecule, as calculated by the method of images: Ϫ(Z 2 e 2 /4(2d)), where Z is the polyelectrolyte valence, e is the elementary charge, is the dielectric constant, and d is the distance from the substrate (29) . We expect bulk molecules to adsorb to the growing layer if the long-range attractive energy, at d equal to the layer thickness, exceeds the thermal energy kT. As an example, under pH 7.4 and [NaCl] 0.1 M, we expect the fraction of lysine units that are charged to be 0.063 (15) ; given the polydispersity of our sample, the charge per PLL molecule is then in the range of 21-45. Assuming the adsorbed layer dielectric properties to be identical to those of the aqueous solvent, approximate limiting thicknesses would then be 150 nm (for Z ϭ 21) and 700 nm (for Z ϭ 45). Most likely, linear kinetics would be lost before reaching this limit, owing to a decline in the quantity of ''unbound'' polymer segments within the adsorbed layer. In making these estimates, we assume a uniform adsorbed layer, and insofar as the layer appears to be nonuniform (Fig. 2) , thicker (albeit laterally heterogeneous) layers may be possible. On the other hand, we also neglect ionic screening (justified somewhat by the limited restructuring of mobile salt species possible within the dense polymer layer) and require only energy kT for attachment. These simplifications suggest our estimate to be an upper bound.
We observe the asymptotic adsorption rate to generally increase with applied potential, pH, and ionic strength, indicating more rapid conformational change leading to polymer-polymer binding for adsorbed layers that are initially thicker/more extended from the surface. An exception is the decrease in asymptotic rate at higher pH, where polycations become very weakly charged. We observe polymer chemistry to have the most significant influence on the asymptotic rate of adsorption. PLL and PLO are poly(amino acids) with linear side chains of the form O(CH 2 ) n ONH 3 ϩ , with n ϭ 3 (PLO) or n ϭ 4 (PLL). PLA and PLH are poly(amino acids) containing rather bulky side chains, the former being branched [O(CH 2 ) 3 ONHOC(NH 2 )ANH 2 ϩ ] and the latter containing a tertiary amine within an aromatic ring. Therefore, postadsorption conformational rearrangements may be slower in PLH and PLA than PLL and PLO for steric reasons. We observe relatively low asymptotic kinetics for PAH and a complete lack of continuous adsorption for PEI. We suggest that polymer-polymer binding may be suppressed in these systems due to (i) the proximity of charge to the main chain [PAH's side chain is very short (OCH 2 ONH 3 ϩ ) and PEI's charged amine groups lie on its main chain] and (ii) the lack the hydrogen bonding capabilities [compared with poly(amino acids)].
We observe a Faradaic current, of Ϸ0.2 A at 1.5 V, that changes very little over the course of an adsorption experiment. H ϩ and OH Ϫ ions are likely to be the dominant charge carriers, with slow electrolysis of water occurring at the electrode surfaces. To examine the influence of current on continuous adsorption, we conduct a few experiments with a smaller counter electrode. We find the subsequently reduced current to have an effect on adsorption that is similar to that of lower substrate potential, i.e., earlier onset of continuous adsorption and diminished asymptotic slope. Under zero current conditions, H ϩ and OH Ϫ ions obtain equilibrium concentrations near the electrode surface. At higher current, the H ϩ (OH Ϫ ) concentration near anodic ITO electrode is lower (higher) than at equilibrium due to diffusion/electro-migration. Thus, one effect of current is to increase the pH near the adsorbing surface, thereby reducing polymer charge, weakening polymersurface interactions, and enhancing continuous adsorption. It is also possible that the surface reactions associated with the current directly influence adsorbed polymer segments.
The influence of an applied electric potential on the adsorption of charged macromolecules (mainly proteins) has been the subject of several previous investigations (19, 20, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . Although most of these studies note an influence of substrate potential on adsorption, changes are typically within a factor of two or so, and to our knowledge no continuous adsorption has been reported. We suspect the paucity of kinetic adsorption data in the literature to be the principal reason that no previous observation of continuous adsorption has appeared. Indeed, the present study is enabled by the recent modification of OWLS to allow for kinetic measurements in the presence of an applied electric potential (38) (39) (40) .
